The craving response to smoking-associated cues in humans or to intravenous nicotine-associated cues in adult rats progressively increases or incubates after withdrawal. Here, we further characterized incubation of nicotine craving in the rat model by determining whether this incubation is observed after adolescent-onset nicotine self-administration. We also used the neuronal activity marker Fos and the Daun02 chemogenetic inactivation procedure to identify cue-activated neuronal ensembles that mediate incubation of nicotine craving. We trained adolescent and adult male rats to self-administer nicotine (2 h/d for 12 d) and assessed cue-induced nicotine seeking in extinction tests (1 h) after 1, 7, 14, or 28 withdrawal days. In both adult and adolescent rats, nicotine seeking in the relapse tests followed an inverted U-shaped curve, with maximal responding on withdrawal day 14. Independent of the withdrawal day, nicotine seeking in the relapse tests was higher in adult than in adolescent rats. Analysis of Fos expression in different brain areas of adolescent and adult rats on withdrawal days 1 and 14 showed time-dependent increases in the number of Fos-positive neurons in central and basolateral amygdala, orbitofrontal cortex, ventral and dorsal medial prefrontal cortex, and nucleus accumbens core and shell. In adult Fos-lacZ transgenic rats, selective inactivation of nicotine-cue-activated Fos neurons in central amygdala, but not orbitofrontal cortex, decreased "incubated" nicotine seeking on withdrawal day 14. Our results demonstrate that incubation of nicotine craving occurs after adolescent-onset nicotine self-administration and that neuronal ensembles in central amygdala play a critical role in this incubation.
Introduction
Results from two studies showed that the response to smokingassociated cues in humans and to nicotine-associated cues in rats progressively increases or incubates after withdrawal (Abdolahi et al., 2010; Bedi et al., 2011) . In the human study, Bedi et al. (2011) showed that nicotine-cue-induced subjective craving is higher after 35 withdrawal days than after 7 or 14 d. In the rat study, Abdolahi et al. (2010) showed that, after nicotine selfadministration, extinction responding and subsequent cueinduced reinstatement after extinction are higher after 7 withdrawal days than after 1 d. The results of Abdolahi et al. (2010) extend previous rat studies on "incubation of drug craving" after withdrawal from cocaine (Neisewander et al., 2000; Grimm et al., 2001) , heroin (Shalev et al., 2001) , methamphetamine (Shepard et al., 2004 ), or alcohol (Bienkowski et al., 2004 . There is also evidence for incubation of cocaine or heroin craving after adolescent-onset drug self-administration (Li and Frantz, 2009; Doherty and Frantz, 2012), but it is unknown whether incubation of nicotine craving would occur after adolescent-onset nicotine self-administration, the developmental phase in which most nicotine addicts initiate smoking (Eissenberg and Balster, 2000) . In addition, the time course and mechanisms of incubation of nicotine craving are unknown (Pickens et al., 2011; Wolf, 2016) .
We addressed these questions in adolescent and adult rats that initiated nicotine self-administration on postnatal days (PD) 33-PD35 and PD73-PD75, respectively. During self-administration training, nicotine infusions were paired with a discrete tone-light cue. We then tested groups of rats for "incubation of nicotine craving" in extinction tests performed on withdrawal days 1, 7, 14, and 28. During testing, lever presses led to contingent presentations of the cue previously paired with nicotine. This extinction-based procedure has been used in mechanistic studies of incubation of heroin , methamphetamine (Li et al., 2015b) , and cocaine (Ben-Shahar et al., 2013; Lee et al., 2013; Loweth et al., 2014) craving.
In Experiment 1, we determined age differences in incubation of nicotine craving. Based on our previous study showing that extinction responding over days is lower after adolescentonset nicotine self-administration than after adult-onset selfadministration (Shram et al., 2008b) , we predicted weaker incubation of nicotine craving in adolescent rats. We also used the activity marker Fos (Morgan and Curran, 1991) to identify brain regions showing stronger activation during the late withdrawal (day 14) versus early withdrawal (day 1) extinction tests. We chose withdrawal day 14 because maximal "incubated" nicotine seeking in the extinction tests was observed on this day. We studied the role of medial prefrontal cortex (mPFC, ventral and dorsal regions), orbitofrontal cortex (OFC, lateral region), nucleus accumbens (NAc, core and shell), and central and basolateral amygdalar nuclei (CeA and BLA, respectively) based on previous studies on the role of these regions in incubation of drug craving for heroin, cocaine, and methamphetamine (Pickens et al., 2011; Marchant et al., 2013; Wolf, 2016) .
We found that time-dependent increases in nicotine seeking after withdrawal were associated with time-dependent increases in Fos expression in OFC and CeA. Therefore, in Experiments 2-3, we determined the causal role of activated Fos-positive neurons in these brain regions in incubated nicotine seeking on withdrawal day 14. For this purpose, we used the Daun02 inactivation procedure that was developed to demonstrate a causal role of putative neuronal ensembles in learned behaviors (Koya et al., 2009b) . In this procedure, selective inactivation of behaviorally relevant activated neurons is performed by injecting the prodrug Daun02 into specific brain areas of Fos-lacZ transgenic rats (Kasof et al., 1996) that express ␤-galactosidase (␤-gal, the protein product of the lacZ gene) in neurons that were strongly activated during behavior (Cruz et al., 2013) . Previous studies using this procedure demonstrated causal roles of activated neuronal ensembles in different brain areas in context-induced reinstatement of cocaine and heroin seeking (Bossert et al., 2011; Cruz et al., 2014) , incubation of heroin craving (Fanous et al., 2012) , and cue-induced alcohol seeking (Pfarr et al., 2015) .
Materials and Methods

Subjects and apparatus
We used a total of 188 male hemizygous Fos-lacZ transgenic rats (Kasof et al., 1996) that we bred with Sprague Dawley females (Charles River Laboratories) in our animal facility. At PD20, we weaned the pups and kept them two per cage until we performed the intravenous catheter surgery (PD28 -PD30 and PD68 -PD70 for adolescents and adults, respectively). We assigned littermates to different groups to avoid a litter effect. We maintained the rats on a 12 h/12 h light/dark cycle (lights on at 7:00 P.M.) with ad libitum access to food and water. We performed all experiments in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals (8th edition) and received approval for the experimental protocols from the Animal Care and Use Committee of the Centre for Addiction and Mental Health (CAMH). At the time of weaning, we genotyped the rats at CAMH using established procedures. We excluded 11 adolescent and 20 adult rats from the study due to catheter failure, health issues, or cannula misplacement.
For nicotine self-administration, we used standard Med Associates self-administration chambers equipped with active and inactive levers, a house light, a cue light above the active lever, and a speaker. The house light was illuminated during the nicotine self-administration sessions. A compound visual (cue light, 30 s) and auditory (2900 Hz, 1 s) cue was paired with nicotine infusions. We recorded inactive lever presses, but these presses had no programmed consequences. For sucrose pellet selfadministration, we used another set of operant chambers that were only equipped with a single lever.
Drugs
We purchased Daun02 from ApexBio and dissolved it in 5% dimethyl sulfoxide (DMSO), 6% Tween 80, and 89% 0.1 M PBS. We injected Daun02 intracranially at a dose of 2 g/0.5 l/side, a dose based on previous studies (Koya et al., 2009a; Bossert et al., 2011) . We purchased nicotine hydrogen tartrate from MP Biomedicals, dissolved it in sterile saline, and adjusted the solution to pH 7. The rats self-administered nicotine at a dose of 0.03 mg/kg/infusion (infusion volume 0.1 ml/kg), a dose based on our previous studies in adolescent and adult rats Shram et al., 2008a, b) and other studies using the nicotine self-administration procedure in adult rats (Shoaib et al., 1997; Adriani et al., 2003; Kenny and Markou, 2006) .
Surgical procedures
Intravenous catheterization
We used aseptic procedures throughout the surgery. We anesthetized the adolescent and adult rats with an isoflurane/oxygen mixture and implanted them with an intravenous catheter into the right jugular vein externalized above the scapulae. The length of the catheter below the incision of the vein was 25 mm for adolescent rats and 30 mm for adult rats. Before surgery, we injected the rats with the antibiotic penicillin G (Derapen, 30,000 U, i.m.), the analgesic ketoprofen (5 mg/kg, s.c.), and the local anesthetic bupivacaine (0.125%, 0.1 ml, s.c., at incision sites). We gave the rats 1 week to recover from surgery and, during this time period and during the self-administration phase, we flushed the catheters daily with heparin (0.1 ml of 50 U/ml). To verify catheter patency, we injected the rats intravenously with sodium thiopental (0.2 ml of 20 mg/ml solution) after the last self-administration session.
Intracranial cannula implantation
We implanted adult Fos-lacZ rats with bilateral intracranial guide cannulas (22 gauge; Plastics One) 1 mm above the OFC or CeA; we performed this surgery 5 d after the intravenous catheter surgery. We secured the cannulas to the skull with dental cement and jeweler's screws. We used the following coordinates [in millimeters from bregma, flat skull, based on the atlas of Paxinos and Watson (2005) : OFC: anteroposterior ϩ3.2, mediolateral Ϯ3.3, dorsoventral Ϫ4.1 (10 degree angle); CeA: anteroposterior: Ϫ2.5, mediolateral Ϯ4.2, dorsoventral Ϫ7.1]. These coordinates are based on previous studies on the role of OFC and CeA in incubation of drug craving (Lu et al., 2005; Lu et al., 2007; Fanous et al., 2012; Li et al., 2015a) . At the end of Experiments 2-3, we verified cannula placements while photographing the brain sections after the ␤-gal immunohistochemistry assay.
Intracranial injections of Daun02
We injected Daun02 into the OFC or CeA at a dose of 2 g/0.5 l/side. We gave the intracranial injections using 10 l Hamilton syringes that were attached to 28-gauge injectors with PE-20 tubing. The injectors were extended 1 mm below the tips of the guide cannulas. We injected Daun02 or its vehicle (5% DMSO, 6% Tween 80, and 89% 0.1 M PBS) over 1 min and kept the injectors in place for 1 min.
Behavioral procedures
The behavioral experiments included four phases: sucrose self-administration (2 d), nicotine self-administration (12 d), withdrawal period (1, 7, 14, or 28 d) , and extinction tests (a single session at the different withdrawal days).
Sucrose and nicotine self-administration training
Sucrose. Before the intravenous catheter surgery, we trained the rats to lever press for 45 mg sucrose pellets (BioServ, F06623) in a 7.5 h session and a 16 h session. During these sessions, lever presses were reinforced under a fixed ratio 1 (FR1) reinforcement schedule with no timeout period; no cues were associated with pellet delivery. We performed the sucrose self-administration training to facilitate the acquisition of nicotine self-administration. The mean Ϯ SEM of sucrose pellets earned on these days for adolescent and adult rats were as follows: day 1, 47.1 Ϯ 5.9 and 256.6 Ϯ 10.9; day 2, 88.6 Ϯ 7.4 and 362.3 Ϯ 12.8, respectively.
Nicotine. We trained adolescents and adult rats to self-administer nicotine (0.03 mg/kg/infusion) for 12 2 h daily sessions using procedures used previously in our studies (Lê et al., 2006; Shram et al., 2008a, b) . At the beginning of each session, the house light was turned on and the active and inactive levers were extended. During the session, active lever presses were reinforced under an FR1 30 s timeout reinforcement schedule and nicotine infusions were paired with the compound tone-light cue.
Withdrawal period
During this period, we housed the rats in the animal facility for their assigned withdrawal period and handled them two to three times per week. In Experiment 1, we matched the groups of adolescent or adult rats assigned to the different withdrawal days for their nicotine intake during self-administration training. In Experiments 2-3, we matched the groups of adult rats assigned to vehicle or Daun02 conditions for their nicotine intake during self-administration training.
Extinction tests
The test sessions began with the extension of the active and inactive levers and the illumination of the house light, which remained on for the duration of the session (1 h). Active lever presses during testing (the operational measure of cue-induced drug seeking in incubation of craving studies (Lu et al., 2004b; Pickens et al., 2011; Venniro et al., 2016) resulted in contingent presentations of the tone-light cue previously paired with nicotine infusions but not nicotine.
Immunohistochemistry
We anesthetized the rats with sodium pentobarbital (100 mg/kg) and perfused them transcardially with 100 ml of PBS, pH 7.4, followed by 300 ml of cold 4% paraformaldehyde in phosphate buffer, pH 7.4. We then extracted the brains and stored them in buffered 4% paraformaldehyde for 1 h. Next, we placed the brains in 30% sucrose in phosphate buffer for 48 h, froze them in dry ice, and stored them at Ϫ70°C until cryostat slicing. We cut 40 m brain slices on a cryostat, collected the slices in solution containing 0.1% Tween 20/PBS, and stored them in a cryoprotectant solution (30% glycerol/ 30% ethylene glycol in phosphate buffer) at Ϫ20°C. We collected brain sections from the following brain areas (expressed in millimeters from bregma): dorsal and ventral mPFC and OFC (ϩ4.2 to 3.2), NAc core and shell (ϩ2.2 to 1.2), and CeA and BLA (Ϫ2.12 to Ϫ2.9).
Fos immunohistochemistry with DAB labeling
We made the solutions in TBS-T (Tris-buffered saline with 0.2% Triton X-100). We rinsed the sections 3 times, incubated them in 0.35% H 2 O 2 for 30 min to reduce endogenous peroxidase, rinsed them again 3 times, and blocked them in 3% normal goat serum (NGS) for 1 h. Next, we incubated the sections with rabbit anti-Fos (1:4000, SC52, lot #C2113; Santa Cruz Biotechnology) with 3% NGS at room temperature overnight on a shaker, rinsed the sections 3 times, and incubated them with biotinylated anti-rabbit secondary antibody for 2 h (1:200, BA1000, lot #Y0515; Vector Laboratories) with 1% NGS. Next, we treated the sections with avidin/biotin horseradish peroxidase (Vectastain Elite; Vector Laboratories), followed by three rinses, and then exposed the sections to 0.5% diaminobenzidine solution (with 0.035% H 2 O 2 and 0.032% NiCl 2 , pH 7.8) until the desired staining intensity was achieved (ϳ4 min). We terminated the reaction with three rinses, mounted the sections on Superfrost Plus glass slides, dried the sections overnight, dehydrated them, and coverslipped them with DPX (Sigma-Aldrich, 06522).
Immunofluorescence double-labeling histochemistry for Fos/␤-gal or Fos/NeuN
We rinsed the sections 3 times with TBS and incubated them with rabbit anti-Fos (1:500, sc52, lot #C2113; Santa Cruz Biotechnology) and mouse anti-␤-gal (1:1000, sc65670, lot #A2611; Santa Cruz Biotechnology) or mouse anti-NeuN (1:4000, MAB377, lot #2159655; Millipore) at 4°C for 48 h. Next, we rinsed the sections three times and incubated them with donkey anti-rabbit Alexa Fluor 488 (1:200, A21206, lot #1480470; Invitrogen) and goat anti-mouse Alexa Fluor 568 (1:200, A11004; lot #1419715; Invitrogen), followed by 3 rinses. We then mounted the sections on slides, dried them overnight, and coverslipped them with Vectashield Hardset (Vector Laboratories, H-1400).
␤-Galactosidase (␤-gal) assay
We rinsed the brain sections 3 times for 15 min in phosphate buffer, pH 7.4, and then incubated them in X-galactosidase (X-gal) reaction solution (2 mM MgCl 2 , 5 mM EGTA, 5 mM K3[Fe(CN) 6 ], 5 mM K4[Fe(CN) 6 ], 2.45 mM X-Gal in phosphate buffer, pH 7.6) for 4.5 h at room temperature in the dark. We then rinsed the sections three times in phosphate buffer, mounted them on slides, air dried them overnight, and coverslipped them with DPX.
Image analysis and neuronal quantification
Fos-DAB. We photographed the brain slices with a light microscope under 100ϫ magnification (field size 0.193 mm 2 ). We then counted the number of Fos-positive neurons in the images (six to eight images per brain area per rat) using particle analysis software (ImageJ). We calculated the mean counts per brain area per square millimeter across images within each rat and used these mean counts in the statistical analyses. Fos/NeuN and Fos/␤-gal double-labeling. We photographed the slices stained for Fos, NeuN, ␤-gal, Fos/NeuN, and Fos/ ␤-gal using a fluorescence microscope at 400ϫ magnification (field size 0.074 mm 2 ) and counted 4 -6 images per brain area per rat.
␤-gal. We photographed the brain slices of OFC and CeA using a light microscope under 100ϫ magnification. We counted four to six images per brain area per rat using ImageJ.
Specific experiments Experiment 1: Incubation of nicotine craving and Fos expression after nicotine self-administration during adolescence and adulthood
We used adolescent (n ϭ 43, 4 groups, n ϭ 7-13 per group) and adult (n ϭ 43, 4 groups, n ϭ 8 -13) male Fos-lacZ rats that we trained to self-administer nicotine for 12 d for 2 h/d and tested them for extinction responding (1 h) after 1, 7, 14, and 28 withdrawal days. We used a fully factorial experimental design that included the between-subjects factor of age (adolescents, adults) and withdrawal day (1, 7, 14, 28) . Immediately after the 1 h extinction tests, we deeply anesthetized the rats, perfused them, and dissected their brains for subsequent Fos protein immunohistochemistry and fluorescence immunohistochemistry for Fosϩ␤-gal and FosϩNeuN double labeling.
We also trained other groups of adolescent Fos-lacZ rats (2 groups, n ϭ 5-6 per group) and adult Fos-lacZ rats (2 groups, n ϭ 5 per group) to self-administer nicotine for 12 d. We did not expose these rats to the extinction tests and, on withdrawal days 1 or 14, we deeply anesthetized and then perfused them and dissected their brains for a subsequent Fos protein immunohistochemistry assay. We ran these groups to determine whether there were age differences in basal Fos expression, which can be a potential confound in interpreting the Fos data of the adolescent and adult rats exposed to the extinction tests. Finally, based on the behavioral data of maximal nicotine seeking on withdrawal day 14, we only performed the Fos immunhistochemistry assays on rats tested on withdrawal days 1 and 14.
Experiment 2: Effects of selective inhibition of activated OFC neurons with Daun02 on incubated nicotine seeking
We implanted adult male Fos-lacZ rats (n ϭ 29, n ϭ 6 -8 per group) with intravenous catheters and bilateral cannulas aimed at the OFC and trained them to self-administer nicotine for 12 d (2 h/d). The experimental procedure with Daun02 is based on our previous study on the role of OFC in incubation of heroin craving (Fanous et al., 2012) and includes two phases (the induction phase and the test phase) and four experimental groups in a fully factorial experimental design that includes the between-subjects factors of Fos induction context (nicotine selfadministration context, novel context) and Daun02 dose (vehicle, 2 g). On induction day (withdrawal day 11), we briefly exposed the rats to the nicotine self-administration context and cues associated with nicotine injections in a 15 min extinction session or to a novel context (control condition) to induce Fos in OFC. Next, 75 min after exposure to these conditions, a time of strong Fos (and ␤-gal) expression (Koya et al., 2009b) , we injected the rats with Daun02 (to inactivate the activated neurons) or vehicle. On test day, 3 d later (withdrawal day 14), we tested all rats in a 90 min extinction session. Immediately after the extinction tests, we perfused the rats and extracted their brains for a subsequent X-gal histochemistry assay of ␤-gal expression in the OFC and verification of cannula placements. We also measured ␤-gal expression in the insular cortex adjacent to the OFC to determine the anatomical specificity of the Daun02 injections. The novel context consisted of visually distinct (opaque vs clear) cages with a different type of bedding material (extruded newsprint vs corncob) than either the rats' home cages or the cages used to transport them to the testing rooms.
Experiment 3: Effects of selective inhibition of activated CeA neurons with Daun02 on incubated nicotine seeking
The procedures of Experiment 3 were identical to those of Experiment 2 with the exception that we injected Daun02 or vehicle into the CeA. We used 4 groups of rats (total n ϭ 42 and n ϭ 9 -12 per group). We also measured ␤-gal expression in the BLA to determine the anatomical specificity of the Daun02 injections.
Statistical analysis
We analyzed the data using SPSS (version 21). In Experiment 1 extinction tests, we analyzed age and withdrawal day differences in nonreinforced active lever presses using analysis of covariance with the between-subjects factors of age (adolescents, adults) and withdrawal day (1, 7, 14, 28) and the covariate of inactive lever presses. For the Fos data in Experiment 1, we used the between-subjects factors of age and withdrawal day (1, 14) ; we performed this analysis separately for each brain region. In Experiments 2-3, we analyzed the effect of Daun02 on nonreinforced lever presses during the extinction tests on withdrawal day 14 using analysis of covariance with the between-subjects factors of induction context (nicotine self-administration chambers, novel context) and Daun02 dose (0, 2 g) and the covariate of inactive lever presses. Because of large individual variability and skewed distributions in some of the vehicle groups, we square-root transformed the raw values of the active and inactive lever data in Experiments 2-3. We also analyzed the ␤-gal expression data using the between-subjects factors of induction context and Daun02 dose. We followed up on significant main or interaction effects ( p Ͻ 0.05) with Fisher's PLSD post hoc tests.
Results
Incubation of nicotine craving and Fos expression after nicotine self-administration during adolescence versus adulthood
In Experiment 1, we determined whether there are age differences in the time-dependent increases in nicotine seeking after withdrawal (incubation of nicotine craving) and whether these timedependent differences are associated with time-dependent increases in neuronal activation in different brain areas as assessed by the neuronal activity marker Fos. At the behavioral level, we determined four withdrawal time points (days 1, 7, 14, and 28). For Fos, we compared Fos expression in adults and adolescent rats after 1 and 14 d, the time period of maximal incubated nicotine seeking in both age groups. We first describe the nicotine self-administration data and then the incubation of craving and Fos expression data. The timeline of Experiment 1 is depicted in Figure 1A . Figure 1B shows the mean Ϯ SEM number of nicotine infusions and presses on the active lever and on the inactive lever in adolescent (n ϭ 43) and adult (n ϭ 43) rats during the training phase. The rats demonstrated reliable nicotine selfadministration as indicated by the stable nicotine intake over time and reliable active versus inactive lever discrimination in both adolescents and adults ( p Ͻ 0.01 for a main effect of lever). We did not observe age differences in nicotine selfadministration, a finding that replicates our previous study (Shram et al., 2008b) , but, in the current study, responding on the inactive lever was higher in adolescent but not adult rats. The initial higher responding on the active lever on the first one or two training days is likely due to a carry-over effect of the sucrose self-administration training that was performed in different self-administration chambers. Figure 1C shows the mean Ϯ SEM number of presses on the previously active lever and the inactive lever made by adolescent and adult rats during the extinction tests at the different withdrawal days. In both adolescent and adult rats, extinction responding followed a time-dependent inverted U-shaped curve with maximal responding on withdrawal day 14. In addition, independent of the withdrawal day, active lever presses in the extinction tests were higher in adult rats than in adolescent rats. The ANCOVA (inactive lever presses as a covariate) showed main effects of withdrawal day (F (3,77) ϭ 5.2, p Ͻ 0.01) and age (F (1,77) ϭ 8.4, p Ͻ 0.01), but no interaction between the two factors ( p Ͼ 0.1). There was no effect of withdrawal day or age on inactive lever presses, which was significantly lower than active lever presses at all time points ( p Ͻ 0.01). Post hoc group differences for active lever presses are indicated in Figure 1 . Figure 2 shows the mean Ϯ SEM number of Fos-IR neurons in mPFC (ventral and dorsal), OFC, NAc (core and shell), and amygdala (central and basolateral) in adolescent and adult rats exposed to the extinction tests after 1 or 14 withdrawal days. Overall, across the different brain regions and independent of age, Fos expression was higher after 14 withdrawal days than after 1 d. The results of the 2 (withdrawal day) ϫ 2 (age) factorial ANOVA showed significant effects of withdrawal day for dorsal and ventral mPFC (F (1,43) ϭ 10.6 and 5.3, p Ͻ 0.05), OFC (F (1,39) ϭ 22.6, p Ͻ 0.01), NAc core and shell (F (1,42) ϭ 27.0 and 5.2, p Ͻ 0.05), CeA F (1,44) ϭ 16.4, p Ͻ 0.01), and BLA (F (1,42) ϭ 7.4, p Ͻ 0.05). The statistical analysis did not show an interaction between withdrawal day and age for any of the brain regions. For the dorsal mPFC, the analysis showed a main effect of age F (1,43) ϭ 5.9, p Ͻ 0.01) due to somewhat higher Fos expression in adult versus adolescent rats at both withdrawal days. Post hoc group differences within each withdrawal time point are shown in Figure 2 .
Nicotine self-administration training
Incubation of nicotine craving
Fos expression
Finally, a limitation of interpretation of the Fos data described in Figure 2 is that it is unknown whether the time-dependent changes in Fos expression reflect enhanced motivation to seek nicotine and/or enhanced responding to nicotine-associated cues after withdrawal or time-dependent increases in basal neuronal activity after withdrawal. To address this interpretation issue, we trained additional groups of adolescent and adult rats and determined Fos expression after 1 or 14 withdrawal days without performing the extinction tests. We found neither time-dependent changes nor age differences in basal Fos expression in the different brain areas (Table 1) . We did not directly compare the no test and extinction test conditions because both the behavioral experiments and the Fos assays were performed at different time points and more than a year apart.
Double-labeling of Fos with NeuN and ␤-gal
We performed more qualitative analyses of double-labeling of Fos with the neuronal marker NeuN and ␤-gal in a subsample of adolescents and adult rats (n ϭ 4 -6 per age group) that were tested on withdrawal day 14 (Fig. 3) . We restricted these analyses to the OFC and CeA, the brain areas in which we determined the causal role of the Fos-positive neurons activated during the extinction tests in incubated nicotine seeking on withdrawal day 14. We determined Fos ϩ NeuN double-labeling to obtain an estimate of the proportion of neurons strongly activated during testing, which we hypothesize form the neuronal ensemble that mediates incubation of nicotine craving. We determined Fos ϩ ␤-gal double-labeling to verify that our Daun02 manipulation does indeed target the majority of the Fos neurons activated during the extinction tests.
The quantification of the Fos ϩ NeuN double-labeled neurons in OFC and CeA, respectively, showed that 20 Ϯ 1.9% and Figure 1 . Incubation of nicotine craving in adolescent and adult rats. A, Timeline of the experimental procedure. B, Nicotine self-administration training in adolescents (n ϭ 43) and adults (n ϭ 43) rats. Data are mean Ϯ SEM numbers of infusions and active and inactive lever presses during the 12 training days. C, Nicotine seeking in the extinction tests at different withdrawal days. Data are mean Ϯ SEM numbers of nonreinforced presses on the previously active lever and on the inactive lever. *Different from day 1, p Ͻ 0.05 within each age group, p Ͻ 0.05. n ϭ 7-13 rats per group. SA, Self-administation.
24 Ϯ 3.1% and 10 Ϯ 1.2% and 9 Ϯ 0.8% of the NeuN neurons were Fos-positive in adolescent and adult rats, respectively. The quantification of the Fos ϩ ␤-gal double-labeled neurons in OFC and CeA, respectively, showed that 77 Ϯ 5.3% and 78 Ϯ 2.9% and 78 Ϯ 4.5% and 75 Ϯ 9.7% of the ␤-gal neurons were Fos-positive in adolescent and adult rats, respectively. The observation of Ͻ100% overlap between Fos and ␤-gal is in agreement with our previous studies (Bossert et al., 2011; Fanous et al., 2012) and likely reflects the different sensitivity of the different antibodies that we used in the doublelabel fluorescence immunohistochemistry assay.
Selective inhibition of activated CeA but not OFC neurons with Daun02 decreased incubated nicotine seeking
We used the Daun02 inactivation procedure to determine the causal role of putative OFC and CeA neuronal ensembles in incubated nicotine seeking. Figures  4 and 5 show the effect of prior exposure to Daun02 on withdrawal day 11 on the number of responses on the previously active lever and on the inactive lever during the extinction tests performed on withdrawal day 14. These figures also show the effect of Daun02 on ␤-gal expression after the day 14 extinction test, as well as the nicotine self-administration data in Experiments 2-3. In both experiments, there were no differences in extinction responding during the short 15 min extinction test on withdrawal day 11 before vehicle or Daun02 injections (OFC: vehicle group, 45.3 Ϯ 12.2; Daun02 group, 52.6 Ϯ 9.6; CeA: vehicle group, 54.3 Ϯ 10.3; Daun02 group, 46.2 Ϯ 9.2 (values are mean Ϯ SEM of active lever presses per 15 min).
OFC
Daun02 injections after short (15 min) exposure to the nicotine-associated context and cues in an extinction test performed on withdrawal day 11 had no effect on nicotine seeking on withdrawal day 14 (Fig. 4) . The ANCOVA of number of responses on the active lever during the day 14 extinction tests, which included the between-subjects factors of induction context on day 11 (nicotine context, novel context) and Daun02 dose (0, 2 g/side) and inactive lever presses as a covariate, showed no main effects of the two factors or an interaction between them ( p Ͼ 0.1). Daun02 injections had no effect on inactive lever presses during the day 14 extinction tests ( p Ͼ 0.1). The statistical analysis of ␤-gal expression in the OFC, which included the betweensubjects factors of induction context and Daun02 dose, showed a significant interaction between the two factors (F (1,25) ϭ 4.4, p Ͻ 0.05); rats injected with Daun02 in the OFC after nicotine context exposure on induction day had lower ␤-gal levels than rats injected with vehicle or rats injected with Daun02 or vehicle after exposure to the novel context. Post hoc differences are shown in Figure 4 . Finally, in rats injected with Daun02 or vehicle in the nicotine context on induction day, ␤-gal expression in the anterior insular cortex adjacent to the OFC did not differ between the two groups (vehicle, 258.1 Ϯ 29.3; Daun02, 257.9 Ϯ 47.8; values are mean Ϯ SEM ␤-gal-labeled neurons per square millimeter). These data indicate that the Daun2 injections into the OFC were anatomically specific.
CeA
Daun02 injections after short (15 min) exposure to nicotineassociated context and cues in an extinction test performed on withdrawal day 11 decreased nicotine seeking on withdrawal day 14 (Fig. 5) . The Daun02 manipulation also decreased ␤-gal expression. The ANCOVA of number of responses on the active lever during the day 14 extinction tests, which included the between-subjects factors of induction context on day 11 and Daun02 dose and inactive lever presses as a covariate, showed a significant main effect of Daun02 dose (F (1,37) ϭ 6.3, p Ͻ 0.05); the effects of induction context or the interaction between the two factors were not significant. However, because in the nicotine context condition, Daun02 injections decreased active lever presses by ϳ50% (Fig. 5C ), we performed post hoc tests within each induction context condition. These tests showed a significant difference between Daun02 and vehicle for the nicotine context condition ( p Ͻ 0.05), but not the novel context condition ( p Ͼ 0.1). Daun02 injections had no effect on inactive lever presses during the day 14 extinction tests ( p Ͼ 0.1). The statistical analysis of ␤-gal expression showed an interaction between induction context and Daun02 dose (F (1,37) ϭ 4.6, p Ͻ 0.05). Post hoc group differences are shown in Figure 5 . Finally, in rats injected with Daun02 or vehicle in the nicotine context on induction day, ␤-gal expression in the BLA adjacent to the CeA did not differ between the two group (vehicle, 52.1 Ϯ 4.9; Daun02, 48.4 Ϯ 2.5; values are mean Ϯ SEM ␤-gal-labeled neurons per square millimeter), indicating that Daun2 injections into the CeA were anatomically specific.
Discussion
We used an extinction-based experimental procedure (Pickens et al., 2011; Wolf, 2016) to study time-dependent increases in nicotine seeking after withdrawal (incubation of nicotine craving) after adolescent-and adult-onset drug self-administration in rats. We report four main findings. First, in both age groups, incubation of nicotine craving followed an inverted U-shaped curve with maximal incubated responding on withdrawal day 14. Second, independent of the withdrawal period, nicotine seeking in the extinction tests was higher in adult rats. Third, in both age groups, incubated nicotine seeking on withdrawal day 14 was associated with increased neuronal activity (assessed by Fos) in mPFC, NAc, OFC, and amygdala. Fourth, in adult rats, Daun02 inactivation of Fos-positive neurons in CeA, but not OFC, decreased incubated nicotine seeking. Our study extends a previous report of Abdolahi et al. (2010) on incubation of nicotine craving after adult-onset nicotine self-administration, showing that this incubation also occurs after adolescent-onset nicotine self-administration, and demonstrates a causal role of CeA neuronal ensembles in incubation of nicotine craving.
Nicotine self-administration and incubation of nicotine craving in adolescent and adult rats
We studied incubation of nicotine craving after adolescent-and adult-onset nicotine self-administration because initiation of smoking most often occurs during adolescence (Clark et al., 1998; Eissenberg and Balster, 2000; Johnson, 2001 ). In addition, some evidence suggests that adolescent-onset smoking is associated with lower abstinence rates (Khuder et al., 1999) . The biological mechanisms underlying addiction vulnerability in adolescent-onset smokers are unknown and human studies cannot differentiate between two hypotheses that are not mutually exclusive: (1) age-independent genetic vulnerability (i.e., vulnerable individuals initiate smoking when cigarettes are available independent of age) versus (2) age-dependent biological differences in nicotine reward (adolescents are more sensitive than adults to nicotine's rewarding effects) (Shram et al., 2008b) .
Studies using the drug self-administration procedure in rats primarily assessed the second hypothesis and produced mixed results. Two studies reported higher nicotine self-administration in adoles- cent rats (Levin et al., 2003; Belluzzi et al., 2005) . In contrast, we found no age differences in initiation of nicotine self-administration or nicotine priming-induced reinstatement of drug seeking; we also found that lever responding under a progressive ratio reinforcement schedule and resistance to extinction are lower in adolescent rats than in adult rats (Shram et al., 2008a, b) . Our current results-no age differences in initiation and maintenance of nicotine selfadministration and lower nicotine seeking in the extinction testsare in agreement with results from our previous studies. To the degree that the rodent intravenous drug self-administration and the reinstatement/relapse procedures are relevant to human addiction (Brady, 1991; Epstein et al., 2006; Heilig et al., 2016) , the results of our previous and present study do not support the popular hypothesis of greater biological vulnerability to nicotine addiction during adolescence. However, from the perspective of the generality of our findings to the human condition, two factors should be considered. The first is that the adolescent phase in rats is ϳ30 -40 d, whereas this phase in humans lasts for several years (Spear, 2000; McCutcheon and Marinelli, 2009 ). The second is the different routes of nicotine administration in the rat studies (intravenous) versus the human condition (smoking) (Rose and Corrigall, 1997) . Our results of lower extinction responding and "lower" magnitude of incubation of nicotine craving are in agreement with results from previous studies showing less robust incubation of heroin (Doherty et al., 2013), cocaine (Li and Frantz, 2009) , and sucrose (Counotte et al., 2014) craving in adolescent rats. In contrast, the time course of incubation of nicotine craving in our study is different from that observed in the Abdolahi et al. (2010) study (higher nicotine seeking on day 7 versus day 1). We suspect that the main reason for the different results is the use of an extended access nicotine self-administration procedure (23 h/d) in the Abdolahi et al. (2010) study versus a limited access selfadministration procedure (2 h/d) used in our study.
Finally, under our experimental conditions, incubation of nicotine craving was not observed after 1 month of withdrawal. In contrast, reliable incubation of heroin (Airavaara et al., 2011), Figure 4 . Daun02 injections into the OFC of adult Fos-lacZ rats had no effect on incubated nicotine seeking on withdrawal day 14. A, Timeline of the experimental procedure. B, Nicotine self-administration. DataaremeanϮSEMofnicotineinfusionsandactiveandinactiveleverpressesofallrats(totalnϭ29)duringthe12trainingdays.C,Extinctionresponding.DataaremeanϮSEMofpressesonthepreviously active lever and on the inactive lever during the extinction test after 14 withdrawal days. D, Cannula placements. Numbers indicate millimeters from bregma. E, ␤-gal expression. Left, MeanϮ SEM ␤-gal-positiveneuronsintheOFCinthefourgroups.Right,Representativephotomicrographsof␤-galexpressionintheOFCofratsinthedifferenttreatmentgroups.WeinjectedtheratswithDaun02orvehicle 75 min after a short 15 min extinction session in the nicotine self-administration context or exposure to a novel context on withdrawal day 11. n ϭ 6 -8 per group. methamphetamine (Li et al., 2015b) , and cocaine (Lu et al., 2009) craving are observed at this withdrawal time period, as well as after longer withdrawal periods (Lu et al., 2004a; Venniro et al., 2016; Wolf, 2016) . These time course differences may reflect drug-specific differences in the duration of incubation of craving (Pickens et al., 2011) , but may also reflect the use of a limitedaccess training procedure in our study.
Brain circuits of incubation of nicotine craving
Previous studies implicated the CeA in incubation of cocaine (Lu et al., 2005; Lu et al., 2007; Xi et al., 2013) and methamphetamine (Li et al., 2015b) craving and the OFC in incubation of heroin craving (Fanous et al., 2012) . There is also evidence for a role of the NAc core and shell in incubation of cocaine and methamphetamine craving (Conrad et (Lee et al., 2013; Ma et al., 2014) . Here, we found that, in both age groups, incubation of nicotine craving was associated with time-dependent increases in Fos expression in these brain regions. These results suggest a role of Fos-positive activated neurons in these regions in incubation of nicotine craving. However, Fos data are correlational, so it is unknown whether increased Fos expression is a cause or a consequence of drug seeking (Bossert et al., 2011) . Therefore, in Experiments 2-3, we used the Daun02 inactivation method (Cruz et al., 2013) to determine the causal role of CeA and OFC neurons activated during incubated nicotine seeking. Koya et al. (2009b) developed this method to determine the causal role of activated neuronal ensembles in conditioned drug effects, drug relapse, and learned behaviors.
Daun02 inactivation of the CeA, but not OFC, decreased incubated nicotine seeking on withdrawal day 14, suggesting a causal role of CeA neuronal ensembles in incubation of nicotine craving. Importantly, CeA Daun02 injections after exposure to a Figure 5 . Daun02 injections into the CeA of adult Fos-lacZ rats decreased incubated nicotine seeking on withdrawal day 14. A, Timeline of the experimental procedure. B, Nicotine selfadministration. Data are mean Ϯ SEM of nicotine infusions and active and inactive lever presses of all rats (total n ϭ 42) during the 12 training days. C, Extinction responding. Data are mean Ϯ SEM of presses on the previously active lever and on the inactive lever during the extinction test after 14 withdrawal days. D, Cannula placements. Numbers indicate mm from bregma. E, ␤-gal expression. Left, Mean Ϯ SEM ␤-gal-positive neurons in the CeA in the four groups. Right, Representative photomicrographs of ␤-gal expression in the CeA of rats in the different treatment groups. We injected the rats with Daun02 or vehicle 75 min after a short 15 min extinction session or exposure to a novel context on withdrawal day 11. n ϭ 9 -12 per group. novel context, which induces strong Fos expression (Badiani et al., 1998 (Badiani et al., , 1999 Badiani and Robinson, 2004) , had no effect on incubated nicotine seeking. These data indicate that Daun02's effect on nicotine seeking is not due to nonselective effects on CeA function. Our data on the role of CeA in incubation of nicotine craving are in agreement with previous data on the role of this region in incubation of cocaine, morphine, and methamphetamine craving (Lu et al., 2005; Lu et al., 2007; Li et al., 2008; Li et al., 2015a) . Our data are also in agreement with previous human imaging studies showing that exposure to nicotineassociated cues increases BOLD activity in the amygdala (McClernon et al., 2007; Sutherland et al., 2013) . More generally, the previous and present results on the CeA's role in incubation of drug craving are in agreement with the notion that this brain area plays a critical role in the incentive motivational effects of reward-associated cues and reward seeking (Cardinal et al., 2002; Mahler and Berridge, 2012; Richard et al., 2013; Robinson et al., 2014) .
The cellular mechanisms that underlie the effect of incubated nicotine seeking on CeA neuronal activity are unknown. Based on previous studies, we speculate that this activity is mediated by the extracellular signal-regulated kinase (ERK) signaling pathway (Lu et al., 2005; Li et al., 2008) , the activation of which in different brain areas leads to Fos induction after exposure to drug and nondrug stimuli (Valjent et al., 2000; Mattson et al., 2005; Lu et al., 2006; Girault et al., 2007) .
Finally, unlike our CeA results, Daun02 inactivation of activated Fos-positive OFC neurons had no effect on incubation of nicotine craving. These results are different from our previous results on the effect of Daun02 inactivation of OFC neuronal ensembles on incubation of heroin craving (Fanous et al., 2012) . These different results are in agreement with the notion that the circuits controlling incubation of drug craving and relapse across drug classes are not identical (Badiani et al., 2011; Marchant et al., 2013) .
Conclusions
We characterized the time course of incubation of nicotine craving after adolescent-onset and adult-onset nicotine self-administration. We found that, in both age groups, maximal incubated drug seeking was observed after 14 withdrawal days and the incubated response was associated with increased neuronal activity in mPFC, OFC, nucleus accumbens, and amygdala. More importantly, we used the Daun02 inactivation procedure to demonstrate a causal role of CeA neuronal ensembles in incubation of nicotine craving. These results, together with previous results with cocaine, morphine, and methamphetamine, establish that CeA neuronal activity is critical for incubation of drug craving across drug classes. Based on our Fos results, a question for future research is whether neuronal ensembles in mPFC, NAc, and BLA also play a causal role in the incubation of nicotine craving.
